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To aid in the investigation of factors that control the
proliferation and function of melanocytes, we have
characterized a skin equivalent model that supports
melanocyte growth and function in vitro and in vivo.
Passenger melanocytes survive and proliferate at low
numbers when keratinocytes of the epidermis are
cultured in serum-containing medium using a fibroblast
feeder layer. When the surface of de-epidermalized acellu-
lar dermis was seeded with these cultured cells, the
keratinocytes formed a stratified epithelium in vitro
containing rete ridges, and the melanocytes were prefer-
entially located in the bottom of these rete ridges. Melano-
cyte cell number was much less than in normal skin, but
in some areas the melanocytes were in clusters, consistent
with clonal growth of the cells. When transplanted to
athymic mice, the grafts formed foci of pigmentation at
Melanocytes of the epidermis are integral to normalskin pigmentation and are involved in a variety ofhuman diseases, yet many questions concerningmelanocyte growth and activation in vivo remainunanswered. The study of melanocytes has been
greatly enhanced by the development of methods for the selective
culture of melanocytes in vitro (Eisinger et al, 1982; Gilchrest et al,
1984; Pittelkow and Shipley, 1989; Medrano and Nordlund, 1990).
Experiments with cultured melanocytes have helped to define various
factors that control proliferation, migration, and differentiation of
melanocytes in vitro (Gilchrest et al, 1984; Gordon et al, 1989; Halaban
et al, 1989; Yaar and Gilchrest, 1991; Yaar et al, 1994; Hara et al, 1995).
For example, studies have shown that ultraviolet (UV) irradiation can
stimulate melanocyte proliferation and dendricity as well as production
of melanin (Archambault et al, 1995; Friedmann and Gilchrest, 1987;
Yaar and Gilchrest, 1991); however, in vitro cultures of pure melanocytes
are of limited value because the in vitro environment does not fully
simulate the in vivo setting.
Melanocytes in the epidermis are in close contact with numerous
keratinocytes and are thought to form an interactive unit that exchanges
signals. Skin equivalent models have been used to simulate some of
these interactions. Typically, skin equivalents are prepared by mixing
the cells from separate cultures of melanocytes and keratinocytes and
seeding them onto a collagen type I-based dermal matrix with or
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3 wk that expanded and repigmented the entire graft by
8 wk. Histologic examination of these foci revealed
that they corresponded to clusters of melanocytes that
proliferated and migrated to eventually repopulate the
entire graft. In grafts of mixed cells from light and dark
skin donors, distinct foci of pigmentation were obvious
at 3 wk and, instead of progressing to complete re-
pigmentation, these foci remained stable for over 6 wk.
Histologic examination confirmed that these grafts of
mixed cells were entirely repopulated with melanocytes
and that the grafts contained distinct zones of melano-
cytes that were of exclusively dark or light skin origin.
This model should be valuable for studying the clonal
growth of melanocytes in the context of the epidermis.
Key words: cultured keratinocytes/dermis/pigmentation/skin
graft. J Invest Dermatol 111:810–816, 1998
without fibroblasts incorporated into the matrix (Topol et al, 1986;
Bertaux et al, 1988; Scott and Haake, 1991; Archambault et al, 1995).
These studies have demonstrated that skin equivalents are capable of
responding to UV irradiation and that keratinocytes secrete a variety
of factors that regulate melanocyte orientation, proliferation, dendricity,
and melanin synthesis (Gordon et al, 1989; Halaban et al, 1989; Yaar
and Gilchrest, 1991; Yaar et al, 1994; Hara et al, 1995).
In addition to in vitro studies, skin equivalents are useful for
in vivo experiments because they will reconstitute human skin after
transplantation to immunodeficient animals; however, there have been
relatively few adaptations of in vitro models for in vivo use (Boyce et al,
1993; Cooper et al, 1991; Swope et al, 1997). Clinical experience with
cultured epithelial autografts and several types of composite grafts have
shown that at least some passenger melanocytes will survive in vivo
and resume function. Unfortunately, survival is limited and graft
repigmentation is spotty (Compton et al, 1989; Boyce et al, 1991;
Harriger et al, 1995). Through the use of specific culture techniques
to enhance melanocyte growth and the reseeding of keratinocyte
cultures with normal numbers of melanocytes, complete repigmentation
of a composite graft in vivo has been achieved (Boyce et al, 1993;
Swope et al, 1997).
We and others have used a dermal analog based on de-epidermalized
acellular dermis (Prunieras et al, 1983) and have shown that after
transplantation to athymic mice the grafts become fully repigmented
(Higounenc et al, 1994; Medalie et al, 1996, 1997). Rather than seed
the acellular dermis with cells from separate cultures of keratinocytes
and melanocytes, however, we seeded grafts with cells cultured using
a standard fibroblast feeder layer and serum-containing medium (Green
et al, 1979). Passenger melanocytes are known to survive and proliferate
in these standard keratinocyte cultures, albeit at levels much lower
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than in normal skin (Staiano-Coico et al, 1990). Thus, the extensive
repigmentation of these composite grafts from such few melanocytes
makes this model ideal for investigating the factors that control normal
as well abnormal melanocyte growth and function. The use of human
cells gives further importance to this model, as well as the ability to
study melanocyte growth and function in the context of a differentiated
epidermis in vitro as well as in vivo.
In this study, we have characterized the process by which composite
grafts are repigmented. When seeded on acellular dermis, the ker-
atinocytes and passenger melanocytes formed a complex three-dimen-
sional epithelium in vitro with the melanocytes preferentially located
in the depths of the rete ridges. In this skin equivalent, melanocyte
cell numbers are much lower than in normal skin; however, the
melanocytes were able to proliferate in vitro and in vivo as clones of
cells. When these skin equivalents were subsequently transplanted to
athymic mice, the melanocytes formed foci of pigmentation, continued
to proliferate, and eventually repopulated and repigmented the entire
graft.
MATERIALS AND METHODS
Culture of human cells Normal human keratinocytes derived from dark
and light skin neonatal foreskins were isolated and cultured following described
methods (Green et al, 1979). In each grafting experiment, all keratinocytes were
derived from a single foreskin, except in specific mixing experiments, where
cells from dark and light skin donors were mixed at ratios of 75:25, 50:50, and
25:75. To initiate cultures, keratinocytes were cocultivated with 3T3-J2 mouse
fibroblasts (originally provided by H. Green, Harvard Medical School, Boston,
MA), pretreated with 15 µg mitomycin C (Boehringer, Indianapolis, IN) per
ml. Keratinocyte culture medium, which was changed every 3–4 d, was a 3:1
mixture of Dulbecco’s modified Eagle’s medium (DMEM) (high glucose) and
Ham’s F12 medium (Gibco BRL, Gaithersburg, MD); supplemented with 10%
fetal bovine serum; adenine, 1.8 3 10–4 M (Sigma, St. Louis, MO); cholera
toxin, 10–10 M (Vibrio Cholerae, Type Inaba 569 B, Calbiochem, La Jolla,
CA); 0.4 µg hydrocortisone per ml (Calbiochem); 5 µg insulin per ml (Novo
Nordisk, Princeton, NJ); 5 µg transferrin per ml (Boehringer); triiodo-L-
thyronine, 2 3 10–9 M (Sigma); and 100 IU–100 µg penicillin-streptomycin
per ml (Boehringer). Beginning with the first medium change, epidermal
growth factor (Collaborative Biomedical Products, Bedford, MA) was added at
10 ng per ml. Swiss mouse 3T3-J2 cells were routinely passaged in DMEM
(high glucose) supplemented with 10% bovine calf serum (HyClone, Logan,
UT) and penicillin-streptomycin (100 IU–100 µg per ml), incubated in a
humidified 10% CO2 atmosphere at 37°C. Melanocytes survived as passenger
cells in the keratinocyte culture and no special efforts were made to enhance
their survival.
Preparation of composite skin grafts Cadaver skin was obtained from the
Shriners Burns Hospital skin bank. It had been cryopreserved according to the
bank’s protocols using glycerol and controlled rate freezing and was CMV,
Hepatitis B, and HIV negative. To separate the epidermis from the dermis and
render the dermis acellular, the skin was subjected to three rapid freeze–thaw
cycles in liquid nitrogen to devitalize the cells, washed three times in sterile
phosphate-buffered saline (PBS), and then incubated at 37°C for 1 wk in sterile
PBS with antibiotics (100 µg gentamycin per ml, 10 µg ciprofloxacin per ml,
2.5 µg amphotericin B per ml, 100 IU–100 µg penicillin-streptomycin per ml).
After this treatment, the epidermis could be gently stripped from the dermis
with forceps. The dermis was maintained in antibiotic solution at 4°C for four
more weeks to remove any remaining cells.
Prior to use, the acellular dermis was washed three times with DMEM to
remove residual antibiotics. The acellular dermis was cut into 1.25–1.5 cm2
pieces, and each piece was placed into a 35 mm tissue culture dish, papillary
side up. Third passage cultured keratinocytes in keratinocyte culture medium
were seeded onto the surface of each piece of dermis (2.0 3 105 cells per cm2),
and the composite grafts were maintained in culture for 7 d prior to grafting.
For in vitro studies, experimental grafts were also raised to the air–liquid interface
on steel mesh screens for 1–3 wk after 3 d of submersion.
Transplantation of composite grafts Grafting was performed in a laminar
flow hood using 6–8 wk old NIH Swiss nu/nu mice (Taconic Farms,
Germantown, NY) anesthetized with an intraperitoneal injection of 2,2,2,-
tribromoethanol (0.58 mg per g body weight) (Aldrich, Milwaukee, WI).
Scissors were used to create a full-thickness (including panniculous carnosus)
1.25–1.5 cm2 defect down to the fascia of the dorsal musculature. The full
grafting technique has been previously described (Medalie et al, 1996) and did
not deviate from the described protocol. All bandages of unharvested grafts
were changed at 3 wk, and the grafts were traced and photographed at each
time point.
Composite grafts (n 5 48) from six different donor foreskins (four black and
two white) were harvested at multiple time points up to 6 mo post-
transplantation. At the time of harvest, grafts were traced with transparent film,
photographed, and removed with underlying dorsal musculature. Harvested
grafts were formalin fixed for histologic analysis and/or snap frozen on dry ice
for immunostaining.
Immunostaining and histology To detect the presence of NKI/beteb
positive melanocytes, cryostat sections (6 µm) were fixed in acetone for 5 min,
washed with PBS for 5 min, and then incubated with blocking solution (3%
bovine serum albumin, 1% normal goat serum, 0.02% Na azide in PBS) for
1 h at 37°C. Sections were incubated with the IgG fraction of a mouse anti-
human NKI/beteb at a dilution of 1:10 (Accurate, Westbury, NY) for 1 h at
37°C. Slides were washed three times in PBS (15 min each wash) and incubated
with fluorescein-conjugated affinity purified goat anti-mouse (1:100) (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 1 h at room temperature.
Slides were washed in PBS, and cover slips applied using 1% n-propyl-gallate
mounting solution (Sigma). Neonatal foreskins and ungrafted dermis served as
tissue controls. Paraffin embedded sections (5 µm) were stained with hematoxylin
and eosin. To highlight melanocytes and melanosomes within adjacent ker-
atinocytes, frozen sections at various time points were fixed in formalin for
30 min, washed three times in PBS, and then stained overnight in a 1% solution
of DL-DOPA (Sigma).
To separate composite graft epithelium from the underlying acellular dermis,
grafts were soaked in 2 ml of 2 M sodium bromide in DMEM for 4 h at 37°C.
The grafts were then inverted onto a glass slide and the dermis was gently
peeled away leaving the epithelium, basal side up, behind on the slide. The
acellular dermis was evaluated by light microscopy and found to be acellular
with no retained epithelium. The epithelium was then fixed in acetone for
5 min, washed with PBS for 5 min, and incubated with 10 µM Hoechst
nuclear dye (Molecular Probes, Eugene, OR) in blocking buffer and NKI/
beteb for 1 h at 37°C. Secondary antibody was applied for 1 h and the slides
were then cover slipped and viewed with UV microscopy to visualize stained
nuclei and immunofluorescence for melanocyte localization. No blocking step
was used, thus allowing a low level of nonspecific binding of the antibodies to
keratinocytes, which facilitated their visualization along with the immunostained
melanocytes.
Bright field microscopy of tissues and sections allowed us to visualize only
the pigmented melanocytes from dark skin donors as well as any pigment that
had been transferred from the melanocytes to the surrounding keratinocytes.
RESULTS
Keratinocytes and melanocytes form a complex three-dimen-
sional epithelium on the surface of acellular dermis To investi-
gate the organization of keratinocytes and passenger melanocytes in
composite grafts of cultured cells seeded on acellular dermis, we
separated the epidermal layer from the acellular dermis and stained the
cells. When stained with Hoechst nuclear dye and visualized by UV
microscopy, it could be seen that the epithelium had formed a cast of
the underlying papillary architecture of the acellular dermis with a
honeycomb pattern of intersecting ridges of nuclei surrounding deep
depressions created by the tips of the dermal papillae (data not shown).
To reveal the organization of melanocytes, the detached epithelium
was stained with NKI/beteb, an antibody that binds to premelanosomal
antigens and stains immature as well as mature melanocytes (Vennegoor
et al, 1987). When the entire epithelium was visualized by immuno-
fluourescence it could be seen that the density of melanocytes through-
out the entire graft was less than normal skin and that the melanocytes
were not uniformly distributed. In those areas with visible melanocytes,
the melanocytes were preferentially located in the bottoms of the rete
ridges (Fig 1).
Melanocytes demonstrate clonal expansion in vitro The presence
of most melanocytes in the rete ridge areas indicated that the melanocytes
were able to localize to preferred areas once seeded onto the acellular
dermis. It was also observed that the epithelium was not uniformly
covered with melanocytes. Although some areas had scattered individual
melanocytes, the majority of the melanocytes were congregated in
loose clusters and often these clusters were separated by areas devoid
of obvious melanocytes. This was somewhat surprising, because a
random cell suspension of keratinocytes and passenger melanocytes
was seeded on the surface of the acellular dermis and we expected an
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even distribution of the pigment cells among the more populous
keratinocytes. To examine this nonrandom distribution further, we
created composite grafts of mixed cells from both light and dark skin
donors, at ratios of 75:25, 50:50, and 25:75, respectively. These mixed
composites were cultured submerged for 1–3 wk, the epithelium
detached, and the melanocytes visualized. Melanocytes from dark skin
donors retain pigment and can readily be observed under bright field
microscopy, whereas melanocytes from light skin donors retain very
little pigment and can only be visualized by immunostaining. Two
weeks after seeding the mixed grafts, we saw areas of the epithelium
that had pigmented melanocytes visible by light microscopy (Fig 2a),
which were intermixed with melanocytes visible only after immuno-
staining with the NKI/beteb antibody (Fig 2b). On the same grafts,
we also saw well-separated clusters of melanocytes. Each cluster
Figure 1. Keratinocytes and melanocytes form a complex three-
dimensional structure on the surface of acellular dermis. Cultures of
keratinocytes with passenger melanocytes were seeded onto the papillary surface
of acellular dermis and cultured at the air–liquid interface for 10 d. When
separated from the acellular dermis, it was evident that the in vitro epithelium
had formed a cast of the papillary surface of the acellular dermis. Melanocytes
(arrows) were located preferentially in the bottom of the rete ridges as revealed
by immunostaining using the melanocyte specific antibody, NKI/beteb. Scale
bar: 100 µm.
Figure 2. Melanocytes demonstrate clonal
expansion in vitro. Composite tissues with
mixed cells from light and dark skin donors
(25:75) were cultured submerged for 2 wk and
the epithelium detached with sodium bromide.
Pigmented melanocytes were visualized by light
microscopy (a, c) and nonpigmented melano-
cytes in the same fields were visualized by
immunofluorescence after staining with NKI/
beteb (b, d). Shown are high power magnifica-
tions of pigmented melanocytes (a) intermixed
with melanocytes visible only by immuno-
staining (b). Low power magnification of two
well-separated clusters of melanocytes reveals
pigmented melanocytes (c) separated from a
cluster of melanocytes visible only by immuno-
staining (d). Pigmented melanocytes were also
positive for NKI/beteb, but this is not easily
documented because of their melanin that
masks the staining. Scale bar: 100 µm.
was either exclusively pigmented (visible by light microscopy and
immunostaining) (Fig 2c) or not pigmented (visible only after immuno-
staining) (Fig 2d). The morphology of pigmented and non-
pigmented melanocytes was similar, with the typical cell having an
oval body with one to several filamentous dendrites, usually in a polar
orientation. Shown in Fig 2(c, d) are two groups of melanocytes in
the same field of view, one pigmented and one nonpigmented, separated
by a region of about 0.5 mm, which is devoid of any detectable
melanocytes.
Composite grafts are stable and repigment in vivo To assess
the long-term function of composite grafts in vivo, we transplanted
grafts to full-thickness excisional wounds on athymic mice. At 3 wk
after transplantation, foci of pigmentation were obvious and re-
pigmentation was µ30%–50% complete (Fig 3). In many grafts, the
foci of pigmentation were most prominent at the edges of the wound.
By 8 wk, the foci had expanded, merged, and covered the entire graft
(data not shown). When different donors were compared, we saw
variability in the extent of repigmentation at early time points (20%–
60% of the total graft at , 4 wk). By 6 wk, however, the variability
was reduced and 90%–100% of the grafts were repigmented. By 8 wk,
the repigmentation process was complete for all grafts. These grafts
and their pigmentation was stable for over 6 mo (data not shown).
When we used cells from primary, secondary, or tertiary cultures of
cells, graft repigmentation was routinely complete by 8 wk; however,
when cells from the fourth passage were used, we sometimes observed
only partial repigmentation of the grafts. Persistent zones of the graft
that lacked pigment would remain the same size from 8 wk post-
grafting until graft harvest (data not shown).
The epidermis is pigmented and melanocytes have a clonal
distribution in vivo To examine the distribution of melanocytes
and pigmentation of the composite grafts in more detail we harvested
grafts at 3 and 6 wk and stained tissue sections. At 3 wk, pigmented
melanocytes with obvious branched dendrites were present in the
basal layer of the epidermis and transfer of pigment to surrounding
keratinocytes had begun, but was not complete. By 6 wk, melanocytes
were evenly distributed throughout the basal layer of the epidermis,
had transferred large quantities of melanosomes to the surrounding
keratinocytes, and these melanosomes were present in the upper
more differentiated layers of the epidermis (Fig 4a, b). Under high
magnification it can be seen that the nuclei of some keratinocytes are
capped with melanosomes. Pigmented cells were confined exclusively
to the human graft and did not extend beyond the junction of the
human graft and mouse skin. As the grafts aged (.12 wk), we noticed
that some pigment began to accumulate in the dermis. Although
pigment was still readily apparent in the basal and suprabasilar layers
of the epidermis, large clumps of pigment were also observed in the
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Figure 3. Composite grafts form foci of pigmentation in vivo. Composite
grafts were transplanted to full-thickness wounds on the back of athymic mice.
Shown is a composite graft at 3 wk after transplantation. Ruler, 1 cm.
papillary dermis, some of it within cells, possibly melanophages, but
some without an obvious cellular association (data not shown).
To examine the distribution of melanocytes in more detail, we
stained cryo-sections of the grafts from dark-skinned donors by
incubation with DL-DOPA. At 3 wk, when distinct foci of pigmenta-
tion were macroscopically obvious on our grafts, foci of DL-DOPA
positive melanocytes were also present in areas of the epidermis
(Fig 5a). Adjacent areas were free of melanocytes, suggesting that
this cluster of melanocytes corresponds to a macroscopic focus of
pigmentation. Melanocytes at 3 wk were stained darkly with DL-
DOPA, but there was relatively little staining of the surrounding
keratinocytes. At 6 wk, when the pigmentation of the grafts was nearly
complete, DL-DOPA positive melanocytes were distributed along the
entire length of the epidermis, with no regions free of melanocytes
(Fig 5b). In addition, the keratinocytes of all the differentiated layers
were DL-DOPA positive, indicating extensive transfer of melanosomes.
Staining with DL-DOPA might not reveal the presence of amelanotic
melanocyte precursors. Therefore, we stained sections with the NKI/
beteb antibody that binds to all melanocytes, including amelanotic
melanocytes of the outer root sheath of hairs (Horikawa et al, 1995).
At 3 wk, we saw clusters of NKI/beteb positive cells separated by
zones without positive cells, whereas at 6 wk, positive cells were
distributed along the length of the epidermis (Fig 5c, d). Similar to
our in vitro findings, we were unable to locate any melanocytes
from dark skin donors that were NKI/beteb positive but contained
no pigment.
Grafts of mixed cells give rise to spotted pigmentation When
composite grafts of mixed cells from different donors were transplanted
to mice, we saw a distinct and stable pattern of spotted pigmentation.
Cells from dark skin donors were mixed with light skin donors (25:75),
seeded onto acellular dermis, and transplanted. At 6 wk, rather than
see near complete pigmentation of the graft as we saw in matched
controls, we observed distinct foci of dark pigmentation that had
remained the same size for the 2 wk prior to graft harvest (Fig 4c).
Tissue sections of the mixed grafts demonstrated a heterogeneous
population of melanocytes in the basal layer of the epidermis. The
total number of melanocytes on the graft, however, was the same as
for exclusively dark or light grafts previously described. In some areas,
dark and light skinned melanocytes appeared to be intermingled (data
not shown). In other areas, homogeneous clusters of heavily pigmented
melanocytes were adjacent to clusters of sparsely pigmented melanocytes
that could only be detected by immunostaining for NKI/beteb (Fig 6a,
b). In these sections of the graft, it was evident that there was no
mixing of melanocyte populations.
a
b
c
Figure 4. Composite graft histology and a graft with mixed cells. Hematoxylin
and eosin stained sections of composite grafts at 6 wk after transplantation are
shown at low (a) and high (b) magnification. By 6 wk, pigmented melanocytes
are evenly distributed throughout the basal layer of the epidermis and melano-
somes are present in the basal layer as well as the differentiated layers. Note the
capping of the keratinocyte nuclei with pigment. Scale bar: 100 µm. Macroscopic
appearance of a graft composed of cells from a light and dark skin donor mixed
at a ratio of 75:25 at 6 wk after transplantation (c).
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Figure 5. Localization of melanocytes
in vivo. Cryo-sections of the composite grafts
at 3 (a) and 6 (b) wk after transplantation were
stained with DL-DOPA to localize melanocytes
and the transfer of pigment to surrounding
keratinocytes. At 3 wk, a cluster of melanocytes
is darkly stained, with little staining of the
keratinocytes. By 6 wk, darkly stained melano-
cytes are present along the entire length of the
epidermis, and keratinocytes in all layers are
heavily stained. Cryo-sections of the composite
grafts at 3 (c) and 6 (d) wk after transplantation
were stained with NKI/beteb and visualized by
immunofluorescence to localize melanocytes.
At 3 wk, areas of the graft are sparsely populated
with melanocytes. By 6 wk, melanocytes are
more homogeneously distributed. There were
no melanocytes stained by NKI/beteb that
could not be identified by pigment visible by
light microscopy. Scale bar: 100 µm.
DISCUSSION
Passenger melanocytes survive and proliferate in standard serum con-
taining cultures of keratinocytes that use a fibroblast feeder layer. We
have shown in this study that when seeded onto acellular dermis,
keratinocytes formed a stratified epithelium in vitro complete with rete
ridges, and melanocytes, which preferentially localize to the bottom
of the rete ridges, proliferated as clones in vitro. When these composite
grafts were transplanted to athymic mice, a fully differentiated epidermis
was formed, and obviously distinct foci of pigmentation at 3 wk were
observed to expand and repigment the entire graft by 8 wk. These
foci of pigmentation corresponded histologically to localized areas of
the graft that contained melanocytes and were separated by zones that
were free of melanocytes. Over time as the graft was repigmented, the
entire epidermis was repopulated with melanocytes and transfer of
melanosomes to keratinocytes was evident for greater than 6 mo.
Notable in the repigmentation process was an edge effect. At 3 wk
after transplantation, obvious foci of pigmentation were scattered
throughout the grafts, but were predominately located along the graft
perimeter. This high density of foci near the edges of the graft might
be a manifestation of more rapid revascularization of the graft edges
that could promote melanocyte proliferation directly or indirectly via
the keratinocytes of the healing epidermis.
It is also interesting to note that the repigmentation process proceeded
to the edges of the human graft and stopped. Pigmentation coincided
with the limit of the human epidermis and remained stable. Human
melanocytes repopulated only those portions of the acellular dermis
that were populated with human keratinocytes. This might reflect
the inherent compatibility of melanocytes with keratinocytes of the
same species.
It is unclear why in grafts 12 wk and older there was an accumulation
of pigment in the dermis. This has also been observed by others
(Boyce et al, 1993). There are several possible explanations. One such
explanation is that the animal model is imperfect and as the murine
cells infiltrate and remodel the human dermis there is a gradual
contraction of the graft with possible disruption of the human dermal
matrix and/or cells. An alternative explanation could be the natural
senescence of the human melanocytes that have undergone serial cell
culture and rapid growth in vivo, possibly approaching the limit of
their proliferative ability. Normal human skin tends to accumulate
pigment in the dermis with increasing age, and it is interesting to
speculate that this process has been replicated in the grafts.
Several lines of evidence suggest that melanocytes were undergoing
clonal proliferation in vitro as well as in vivo in this model. First, the
density of melanocytes in the composite grafts in vitro was much lower
than normal skin, and the melanocytes were not uniformly distributed,
but were localized to clusters separated by significant distances. In
grafts of mixed cells from light and dark skin donors, distinct groupings
of melanocytes that were of exclusively dark or light skin origin were
obvious. Second, when composite grafts were transplanted, separate
foci of pigmentation were obvious at 3 wk, these foci corresponded
to confined regions of the graft that contained melanocytes surrounded
by regions that lacked melanocytes. By 8 wk, when the graft was
entirely pigmented, melanocytes had increased in number, and had
repopulated the entire length of the epidermis at a density similar to
normal skin. In grafts of mixed cells from light and dark skin donors,
distinct foci of pigmentation were also obvious at 3 wk and rather
than progress to complete repigmentation, these foci remained stable
for over 6 wk. Our histologic examination confirms that these grafts
of mixed cells were nevertheless entirely repopulated with melanocytes,
but the grafts contained distinct zones of melanocytes that were of
exclusively dark or light skin origin.
Although we think it unlikely, other explanations besides clonal
growth could account for the distribution of melanocytes in our grafts
in vitro and in vivo. Melanocytes, which are capable of undergoing
migration, could group together and form clusters in vitro as well as
in vivo. The distances that separate clusters were frequently significant
and the fact that grafts of mixed cells form clusters of cells that were
of exclusively light or dark skin origin makes this unlikely, unless
melanocytes are only attracted to cells of the same donor.
Others have shown that melanocytes incorporated into skin
equivalents are capable of proliferating in vitro (Bertaux et al, 1988;
Staiano-Coico et al, 1990; Scott and Haake, 1991; Bessou et al, 1996).
Bessou et al used an ex vivo model similar to the one used in this study
in which separate cultures of melanocytes and keratinocytes were
mixed and then seeded onto acellular dermis. In response to UV
irradiation, melanization and the number of melanocytes increased;
however, none of the studies using skin equivalents have demonstrated
clonal growth of melanocytes.
Another significant difference between our study and others that
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Figure 6. Grafts of mixed cells have a mixture of melanocytes. Stained
tissue sections of a graft composed of cells from a light and dark skin donor
mixed at a ratio of 75:25 at 6 wk after transplantation. Homogeneous clusters
of dark melanocytes produce pigment that can be visualized by light microscopy
(a), and these clusters are adjacent to populations of light melanocytes that can
only be visualized after immunostaining with NKI/beteb (b). Scale bar: 100 µm.
use a skin equivalent system, is that we made no special efforts to
culture the melanocytes. Prior studies have typically prepared separate
cultures of melanocytes and keratinocytes and then mixed the cells at
the normal ratio found in skin. In many instances, the melanocytes
were cultured with the use of phorbol esters that stimulate melanocyte
proliferation and are toxic to keratinocytes. After seeding onto the
acellular dermis, melanocytes in our system proliferated in vitro in the
presence of large numbers of keratinocytes and in the absence of agents
designed to selectively stimulate melanocyte proliferation such as UV
irradiation or phorbol esters. Moreover, this proliferation continued
in vivo after transplantation.
Most of the other skin equivalent systems used to study keratinocyte–
melanocyte interactions in vitro are based on a dermal equivalent of a
fibroblast populated collagen or collagen-glycosaminoglycan lattice
composed of primarily collagen type I. The acellular dermis used in
our study has a complex surface of papillary projections and rete ridges
and retains many of the proteins of the basement membrane such as
laminin, collagen type IV, and collagen type VII (Fartasch and Ponec,
1994; Grinnel et al, 1987; Guo and Grinnel, 1989; Krejci et al, 1991;
Lenoir-Viale et al, 1993; Medalie et al, 1996, 1997). Collagen type IV
is known to promote the migration of melanocytes in vitro (Morelli
et al, 1993), and the presence of collagen type IV and the other
basement membrane proteins on the surface of the acellular dermis may
help to promote melanocyte attachment, migration, and proliferation.
Recently, we have demonstrated that repigmentation of skin equivalents
can vary significantly depending on the type of dermal analog used
(Medalie et al, 1997).
Several factors could control the clonal distribution of melanocytes
in our composite grafts. First, selected melanocytes could have enhanced
growth potential relative to other melanocytes, thus these melanocytes
could be the founding cells of a melanocyte cluster. In vitro cultures
of pure melanocytes have shown that melanocytes have different
morphologies depending on their site of origin and also the culture
system in which they are placed (Yaar and Gilchrest, 1991). These
morphologic variations could also reflect differences in their growth
potential. The variability in the repigmentation of our grafts with
fourth passage cells could be due to a decline in the number of
melanocytes with good growth potential. An alternative explanation
could be that all melanocytes in these cultures have comparable growth
potential, but only a subset of cells are able to seed onto the acellular
dermis. Such selective seeding could be due to simple overcrowding
by keratinocytes or it could be a reflection of variations in other
properties of melanocytes such as adhesiveness to the basement
membrane or binding to keratinocytes. Alternatively, selective seeding
could be due to inhomogeneities of the surface of the acellular dermis
or differences within the population of keratinocytes that promote
melanocyte survival and proliferation. In human skin, different popula-
tions of keratinocytes inhabit different zones of the dermal–epidermal
interface (Jones et al, 1995). For instance, actively proliferating ker-
atinocytes localize to the bottoms of the rete ridges (Jones et al, 1995).
The fact that melanocytes in our experiments localized to the bottoms
of the rete ridges in vitro suggests a possible link between proliferative
keratinocytes and melanocyte populations.
An important question regarding the pigmentation process is the
relative contributions of the melanocyte and the keratinocyte. Our
experiments in which mixtures of cells from light- and dark-skinned
donors gave rise to stable foci of dark pigmentation, suggests that the
origin of the keratinocyte does not have as much of an influence on
pigmentation as does the origin of the melanocytes. Melanocytes from
dark-skinned donors were able to proliferate and form dark foci of
pigmentation in a mixture of keratinocytes from light- and dark-
skinned donors. Further insight into their relative contributions can
be obtained by analyzing composite grafts of a pure population of
dark-skinned melanocytes mixed with light-skinned keratinocytes
devoid of melanocytes. In addition to answering these questions, this
composite graft model should be useful for other questions regarding
melanocyte proliferation and function in vivo, such as defining the
growth potential of melanocytes from preneoplastic lesions, testing
agents that stimulate or inhibit melanocyte proliferation in vivo, and
elucidating the role of keratinocytes in melanocyte proliferation and
melanization, as well as ex vivo gene transfer strategies to define the
molecular basis of melanocyte tumorigenesis.
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